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We report a search for the standard  model (SM) Higgs boson based on d a ta  collected by the 
D 0  experiment at the Fermilab Tevatron Collider, corresponding to  an integrated luminosity of 
260 p b - 1 . We study events w ith missing transverse energy and two acoplanar 6-jets, which provide
4sensitivity to  the Z H  production cross section in the vubb channel and to  W H  production, when 
the lepton from the W  ^  l v  decay is undetected. The d a ta  are consistent w ith the SM background 
expectation, and we set 95% C.L. upper lim its on o{pp ^  Z H /W H )  x  B (H  ^  bb) from 3.4/8.3 to 
2.5/6.3 pb, for Higgs masses between 105 and 135 GeV.
PACS num bers: 13.85.Qk, 13.85.Ni, 13.85.Rm
In  th e  s ta n d a rd  m odel (SM ) th e  H iggs boson  ( H ) is 
responsib le  for electrow eak  sy m m etry  b reak in g  an d  has 
n o t y e t been  observed. T h e  ex p erim en ts  a t  th e  C E R N  
e + e -  C ollider (L E P ) p rovide lower lim its  on  its  m ass, 
m H >  114.4 GeV , w hile electrow eak  global fits favor a 
ligh t H iggs boson , m H <  207 G eV  a t  95% C .L . [1]. If  it 
ex ists, th e  H iggs boson  could  be observed  a t  th e  F erm ilab  
T eva tron  C ollider (cen ter o f m ass energy  a/ s = 1 .9 6  TeV) 
by  com bin ing  d ifferent ana lysis  channels from  b o th  th e  
D 0  an d  C D F  ex perim en ts  [2, 3].
W e p resen t a search  for a SM H iggs boson  w ith  m H 
betw een  105 an d  135 G eV, in  th e  final s ta te  w ith  m issing 
tran sv e rse  energy  ( E t ) an d  tw o or th ree  je ts , in  w hich 
one or tw o je ts  a re  iden tified  ( “ta g g ed ” ) as b je ts . T h is 
final s ta te  is sensitive to  H iggs bosons p ro d u ced  in  th e  
pp  ^  Z H  ^  vvbb channel, w hich is p a r tic u la rly  p rom is­
ing  because  of th e  ex p ected  large Z  ^  vv  an d  H  ^  bb 
b ran ch in g  fractions. T h e  p ro d u c t o f cross section  (a) an d  
b ran ch in g  frac tion  (B ) is p red ic ted  to  be a b o u t 0.01 pb  
for a 115 G eV  H iggs boson , w hich is co m p arab le  to  th a t  
for W H  ^  Ivbb [4].
T h e  chosen final s ta te  also h as  se n sitiv ity  to  W H  
p ro d u c tio n  since th e  charged  lep to n  from  W  decay  can  
be u n d e tec ted  or n o t iden tified  p ro p e rly  ( Ivbb channel). 
Searches for W H  p ro d u c tio n  have been  perfo rm ed  p re­
v iously  by  rely ing  on th e  iden tifica tion  of th e  e lec tro n  or 
th e  m uon  from  lep ton ic  W  decay  [5, 6].
T h ere  a re  tw o m a in  sources of b ack g ro u n d  to  th is  fi­
n a l s ta te : i) th e  ” physics” b ackg rounds Z  + je ts ,  W  + je ts , 
e lectrow eak  d iboson  p ro d u c tio n  (W Z  an d  Z Z ), an d  to p  
q u a rk  p ro d u c tio n  w ith  u n d e tec ted  lep tons or je ts , an d  
ii) a large in s tru m e n ta l back g ro u n d  caused  by  m u ltije t 
events w ith  m ism easu red  je t  energies th a t  is difficult to  
s im ulate. In  th e  Z H  or W H  processes, since th e  tw o 
b je ts  are b o o ste d  along  th e  H iggs-m om entum  d irec tion , 
th e y  are n o t b ack -to -back  in  az im u th a l angle (y>), in  con­
t r a s t  to  th e  d o m in a n t d ije t backg round . O u r search  is 
b ased  on  an  in te g ra te d  lum inosity  of 260 p b -1  accum u­
la te d  w ith  a d ed ica ted  tr ig g e r designed  to  se lect events 
w ith  significant E t  an d  w ith  je ts  th a t  a re  n o t back-to- 
back.
T h e  D 0  trac k in g  system , consists of a silicon m i­
c ro s tr ip  trac k e r  (SM T) an d  a cen tra l fiber trac k e r (C F T ), 
b o th  lo c a te d  w ith in  a 2 T  su p e rco n d u c tin g  solenoidal 
m ag n e t [7], w ith  track in g  an d  vertex ing  a t  p seu d o ra­
p id ities |n| <  3 an d  |n| <  2.5, respectively, w here 
n =  — ln  ( ta n  (0 /2 )) , an d  0 is th e  p o la r  angle. A liqu id­
a rgon  an d  u ra n iu m  ca lo rim e ter h as  a cen tra l section  (CC) 
covering |n| u p  to  «  1.1, an d  tw o en d  ca lo rim eters  (EC )
th a t  ex ten d  coverage to  |n| ~  4.2 [8]. A n o u te r  m uon  sys­
tem , a t  |n| <  2, consists o f a layer of trac k in g  d e tec to rs  
an d  sc in tilla tio n  tr ig g e r coun ters  in  fron t o f 1.8 T  to ro ids, 
followed by  tw o sim ilar layers a fte r th e  to ro ids.
To e s tim a te  th e  nu m b er of ex p ected  events, th e  signal 
(Z H , W H ), t t ,  an d  d iboson  p ro d u c tio n  is s im u la ted  w ith  
PY TH IA [9]. For W  an d  Z  events w ith  tw o or m ore je ts  
we use ALPGEN [10], an d  for single to p  s im u la tio n  we use 
CO M PH EP [11]. T h e  sam ples g en e ra te d  by  CO M PH EP an d  
ALPGEN are  passed  th ro u g h  PY TH IA for show ering an d  
h ad ro n iza tio n . T h e  cross section  for th e  ALPGEN sam ples 
a re  no rm alized  to  nex t-to -lead in g -o rd er ca lcu la tions [12]. 
All th e  sam ples a re  p rocessed  th ro u g h  D 0  d e tec to r  sim u­
la tio n  based  on  GEANT [13], an d  D 0  rec o n stru c tio n  soft­
w are. T rigger efficiencies m easu red  in  d a ta  are app lied  
to  co rrec t th e  s im u la ted  events.
E v en t selection  requ ires tw o or th re e  je ts  reco n sru c ted  
w ith  th e  ” ite ra tiv e -m id p o in t-R u n -II” cone a lgorithm , 
w ith  p t  > 20 G eV, \q\ <  2.5 a n d  a cone rad iu s  of 
A R  =  y / (A r/)2 +  (A ip)2 <  0.5. J e ts  a re  req u ired  to  
pass q u a lity  c r ite r ia  designed  to  re jec t noise an d  suppress 
electron- o r p h o to n -in d u ced  energy  depositions, an d  je t  
energies a re  co rrec ted  to  th e  p a rtic le  level using  je t  en­
ergy  ca lib ra tio n  an d  reso lu tio n  fac to rs d e te rm in ed  from  
p h o to n + je t  events. C o rrec tio n s d ep en d  on th e  p T an d  n 
of th e  je t  an d  are ty p ica lly  30%. J e t  energy  reso lu tion  
varies from  20% to  10% for p T betw een  40 a n d  150 GeV.
T h e p r im a ry  v ertex  has to  be w ith in  ± 3 5  cm  in th e  
z d irec tion , an d  a t  least tw o “ta g g ab le” je ts  passing  th e  
above req u irem en ts  m ust be p resen t in  th e  event to  be 
inc luded  in  ou r final sam ple . A je t  is tag g ab le  if i t  con­
ta in s  w ith in  its  cone a t  least tw o trac k s  sa tisfy ing  s tr ic t 
q u a lity  c rite ria , one w ith  p T >  1 GeV, an d  an o th e r  w ith  
p T >  0.5 G eV. T h e  average frac tio n  of tag g ab le  je ts  is 
m easu red  u sing  W ( ^  ^ v )+ je ts  d a ta , an d  is (86± 1)%  per 
je t . T h is  fraction , w hich is a function  of n an d  p T of th e  
je t , an d  of th e  z co o rd in a te  of th e  p r im a ry  vertex , is used 
to  co rrec t th e  s im u la ted  je ts .
W e th e n  require: i) E t >  50 G eV, w here E t  is cal­
cu la te d  from  th e  p osition  an d  energy  of th e  ca lo rim eter 
cells, ii) th e  az im u th a l angle betw een  th e  tw o h ighest 
p T (leading) je ts  to  be less th a n  165°, an d  iii) no  iso­
la te d  e lec trons or m uons, in  o rd er to  supp ress m u ltije t 
back g ro u n d  an d  W ( ^  ev, ^ v )+ je t ,  an d  Z ( ^  ee, ^ , ) + j e t  
events. F or th e  re jec tion  of t t  backg round , we requ ire  
th e  scala r su m  H T of th e  p T of th e  je ts  to  be less th a n  
240 GeV. To fu rth e r  reduce in s tru m e n ta l back g ro u n d  in­
duced  by  m ism easu rem en t o f je t  energy, w hich p roduces 
ab n o rm a l E t  , we define m w A ^ E r , je ts )  as th e  m in-
5FIG. 1: Asym m etry d istribution A ( E t , H t ) in the signal 
region, prior to  the im position of the requirem ent on A ( E t , 
H T). The d a ta  is described by the sum of the physics back­
ground, modeled by a triple Gaussian, and the instrum ental 
background modeled by a polynomial function.
im um  difference in  betw een  th e  d irec tio n  of E t  an d  
an y  of th e  je ts , H t  =  I ¿=1* PTI as th e  m a g n itu d e  of 
th e  vec to r su m  of th e  p T of th e  je ts , PTrk =  — ^ 1 = 1  
as opposite  vec to r su m  of th e  p T of all tracks, A ^> (E t, 
PTrk ) as th e  difference in  betw een  th e  d irec tio n  of E t  
an d  PTrk , an d  A ( E t , H t ) = ( E t  — H t ) / ( E t  +  H t ) as th e  
asy m m e try  betw een  E t  an d  H T • T h e  in s tru m e n ta l back­
g ro u n d  is sign ifican tly  reduced  by  requiring : E t  (in GeV) 
>  80 — 4 0 x m w A ^ E r , je t) ,  |PTrk | >  20 G eV, A<£>(Et, 
P t f k ) <  f  an d  —0.1 <  A ( E t ,  E t )  <  0.2. All these  re­
q u irem en ts  define th e  signal region.
W ( ^  yU,v)+jets d a ta  a re  used  to  confirm  th a t  th e  
above variab les are well m odeled . T h e  in s tru m e n ta l back­
g ro u n d  is th e n  e s tim a te d  from  th e  d a ta  using  th e  signal 
an d  a “s id e b an d ” region, w hich is defined by  requ iring  
all above selections, excep t for th e  req u irem en t A ^> (E t, 
PJfk) >  f .  T h e  d is tr ib u tio n  in  th e  s im u la ted  in s tru m e n ­
ta l back g ro u n d  g en e ra te d  by  PYTHIA gives a q u a lita tiv e  
d escrip tio n  of th is  backg round . T h is  in d ica tes  th a t  we 
are  co rrec tly  iden tify ing  th e  back g ro u n d  source, an d  we 
th e re fo re  m odel i t  u sing  s id eb an d  d a ta  to  avoid un ce r­
ta in ty  from  th e  difficult s im u la tion  of in s tru m e n ta l back­
ground . T h e  physics b ackg rounds passing  th e  final se­
lection  te n d  to  be d is tr ib u te d  a ro u n d  A ^>(E t ,P t rk ) ~  0, 
while th e  in s tru m e n ta l back g ro u n d  is d is tr ib u te d  sim i­
la rly  in  th e  sid eb an d  an d  in  th e  signal region due to  mis- 
m easu rem en t o f je t  energy  or o f charged  tracks.
F ig u re  1 shows th e  A (E t  ,H t  ) d is tr ib u tio n  in  th e  sig­
n a l region. T h e  am o u n t o f physics back g ro u n d  in  th e  
signal region is e s tim a ted  using  th e  sim u lation , an d  p a ­
ram e te rized  by  a tr ip le  G au ss ian  (T G ) function , show n 
as a d ash ed  line in  F ig. 1 . T h e  co n trib u tio n  n o t described  
by  th is  p a ra m e te r iz a tio n  is considered  to  be th e  in s tru ­
m en ta l backg round , an d  is m odeled  w ith  a po lynom ial 
function  te s te d  w ith  a fit to  th e  d a ta  in  th e  sid eb an d
Et (GeV)
FIG. 2: E t  d istribution after selection except for b-tagging.
region. T h e  physics back g ro u n d  co n trib u te s  a b o u t 15% 
of th e  events in  th e  sid eb an d  reg ion  an d  is inc luded  in 
th e  m odel o f in s tru m e n ta l backg round . T h e  su m  of th e  
ab so lu te ly  no rm alized  T G  p a ra m e te r iz a tio n  an d  of th e  
po lynom ial function  is th e n  fitte d  to  th e  d a ta  in  th e  sig­
na l region, as show n in F ig . 1. (Before b-tagging, th e  
H iggs signal is negligible.) T h e  in s tru m e n ta l b ackg round  
in  th e  signal region am o u n ts  to  696±91 events, w hile th e  
physics back g ro u n d  am o u n ts  to  2520± 330  events. Since 
ou r search  requ ires good  m odeling  of E t  , we show  in 
F ig . 2 th e  E t  d is tr ib u tio n  a fte r all requ irem en ts, ex cep t­
ing  b-tagging. T h e  d a ta  are well d escribed  by  th e  su m  of 
th e  s im u la tio n  of Z /W  +  j j / b b  an d  th e  e s tim a ted  con­
tr ib u tio n  from  in s tru m e n ta l backg round . Top p a ir  an d  
single to p  p a ir  p ro d u c tio n  rep resen t negligible co n trib u ­
tio n s before req u irin g  b-tagging.
To select b je ts , we ap p ly  a b -tagging a lg o rith m  th a t  
uses a je t  lifetim e p ro b a b ility  (JL IP ) co m p u ted  from  th e  
trac k s  asso c ia ted  w ith  th e  je t . A sm all p ro b ab ility  cor­
resp o n d s to  je ts  hav ing  trac k s  w ith  a large im p a c t p a ­
ra m e te r  th a t  ch a rac te rize  b -hadron  decay. W e use tw o 
sam ples for ou r search: one th a t  requ ires th e  tw o lead ing  
je ts  to  pass th e  b-tagging cond ition  (double b-tagged sam ­
ple, o r D T  sam ple) ; th e  o th e r  requ ires ex a c tly  one je t  to  
pass th e  b-tagging cond ition , an d  does n o t accep t events 
from  th e  D T  sam ple  (exclusive single b-tagged sam ple, 
or ST  sam ple). T h e  req u irem en ts  on th e  lifetim e p ro b a ­
b ility  are defined by  o p tim izing  th e  se n sitiv ity  to  Higgs 
signal. In  th e  D T  sam ple, we requ ire  JL IP  <  1% for th e  
lead ing  je t  an d  <  4 % for th e  second-lead ing  je t. In  th e  
ST  sam ple we requ ire  a m ore s tr in g e n t JL IP  <  0.1 %. 
T h e  average b-tagging efficiency is «  50% (40%, 30%) 
for JL IP  <  4% (1% , 0.1% ). T h e  re la tiv e  u n c e r ta in ty  on 
th e  b-tagging efficiency is 7% p er je t. T h e  m is-tag  ra te  
is defined as th e  frac tio n  of lig h t-q u a rk  je ts  tag g ed  as b 
je ts , a n d  its  average value is ap p ro x im ate ly  th e  value of 
th e  JL IP  req u irem en t. F or th e  in s tru m e n ta l background , 
we e s tim a te  th e  m is-tag  ra te  from  d a ta  in  th e  sid eb an d
6TABLE I: Num ber of expected signal (for m n  =  115 GeV), 
background, and observed events (obs.) before b-tagging, af­
ter inclusive (1ST), and exclusive (ST) single b-tagging, and 
after double b-tagging (DT). Before b-tagging, the expected 
background is by construction equal to  the observed events 
(see tex t on the background determ ination). The numbers 
of events after the ±1.5 standard  deviation (s.d.) mass win­
dow requirem ent are given in parenthesis. The errors on these 
numbers are in average 18% (19%) for the ST (DT) sample.
E t  + E t  + E t  + E t  +
2, 3 je ts 2, 3 jets 2, 3 jets 2, 3 jets
1ST ST DT
Z H 0.71 0.62 0.26 (0.20) 0.24 (0.21)
W H 0.54 0.47 0.20 (0.15) 0.18 (0.15)
Z j j 843 93.3 7.9 (2.6) 1.4 (0.5)
W jj 1600 260 36.1 (13.6) 4.2 (1.5)
Zbb 13.1 11.3 4.7 (1.6) 4.1 (1.4)
Wbb 12.4 10.5 4.4 (1.4) 3.6 (1.1)
tt/ tb /tq b 42.3 33.6 15.3 (5.6) 9.0 (3.0)
W Z /Z Z 7.3 3.4 1.1 (0.71) 0.9 (0.6)
Instrum ental 696 143 25.0 (8.4) 3.9 (1.3)
Total expectation =  obs. 555 94.5 (34.0) 27.0 (9.4)
Observed events 3210 592 106 (33) 25 (11)
region, an d  e x tra p o la te  i t  in to  th e  signal region. T able I 
lis ts  th e  nu m b er of Z H  an d  W H  signal, back g ro u n d  an d  
observed  events for each b-tag  req u irem en t, an d  also for 
th e  inclusive sam ple  of events w ith  a t  least one b-tagged 
je t  w ith  JL IP  <  4% (to  verify  th a t  th e  d a ta  are also well 
described  by  th e  sim u la tion  in  an o th e r  b -tagging config­
u ra tio n ). A fter th e  ST  req u irem en t, 106 events rem ain , 
while 94.5 ±  17.0 events a re  expected . In  th e  D T  sam ­
ple, we observe 25 events, w hile 27.0 ±  5.1 a re  expected , 
an d  in  th e  inclusive sam ple these  num bers a re  592 an d  
555 ±  70 events, respectively.
W e e s tim a te  th e  sy s tem a tic  u n c e r ta in ty  due to  tr ig ­
ger an d  je t  rec o n stru c tio n  efficiency, je t  energy  ca lib ra ­
tion , je t  reso lu tion , b-tagging, in s tru m e n ta l-b a ck g ro u n d  
es tim a tio n , physics-backg round  cross sections a n d  par- 
to n  d is tr ib u tio n  functions, by  vary ing  each  source of u n ­
c e r ta in ty  by  ± 1  s.d . an d  re p e a tin g  th e  analysis. T he 
sy stem a tic  u n ce rta in tie s  a re  e s tim a te d  se p a ra te ly  for th e  
D T  a n d  ST  sam ples. In  to ta l, we find a 19% (14%) un ce r­
ta in ty  on signal accep tance  an d  19% (18% ) u n c e r ta in ty  
on th e  to ta l  back g ro u n d  for th e  D T  (ST) analysis. T he 
d o m in a n t sy s tem a tic  u n ce rta in tie s  are due to  b-tagging 
an d  je t  rec o n stru c tio n  an d  ca lib ra tio n . T h e  u n c e r ta in ty  
on th e  in te g ra te d  lum inosity  is 6.5%.
W e th e n  search  for an  excess o f events as a function  
of m H by  coun ting  events in  th e  d ije t m ass d is tr ib u ­
tio n  w ith in  a ± 1 .5  s.d . w indow  a ro u n d  th e  rec o n stru c te d  
H iggs-boson m ass peak , e.g., ± 2 5 .2  G eV  for m H = 1 1 5  
G eV. No excess over th e  SM back g ro u n d  is found in  th e  
d a ta , as can  be seen for th e  D T  d ije t m ass d is tr ib u tio n  
in  F ig. 3, in  w hich th e  ex p ected  Z H  signal for m H =  115 
G eV  is also show n. T h e  accep tance  for Z H  ( W H ) events
Dijet invariant mass (GeV)
FIG. 3: D ijet invariant mass d istribution in the DT sample. 
The expectation originating from Z H  production w ith m H =  
115 GeV is also shown.
is 1.04% (0.43% ) for m H =  115 G eV. W e th u s  se t 95%
C.L. u p p e r lim its  on  <r(pp ^  Z H ) x B ( H  ^  bb) an d  
<r(pp ^  W H ) x B ( H  ^  bb), using  a m odified  frequen­
tis t  app roach , th e  m e th o d  [14]. In  th is  m e th o d , th e  
b inned  d is trib u tio n s  a re  sum m ed  over th e  log-likelihood 
ra tio  te s t s ta tis tic . S y stem atic  u n ce rta in tie s  a re  inco rpo ­
ra te d  in to  th e  signal an d  back g ro u n d  ex p e c ta tio n s  using 
G au ss ian  sam pling  of ind iv idual u n ce rta in ties . F or th e  
lim its  o b ta in ed  w hen com bin ing  th e  likelihoods of th e  ST 
an d  D T  analyses, co rre la tio n s betw een  u n ce rta in tie s  are 
h an d led  by  vary ing  s im u ltaneously  all iden tica l sources. 
L im its a re  d e te rm in ed  by  scaling  th e  signal ex p ec ta tio n s 
u n til th e  p ro b ab ility  for th e  backg ro u n d -o n ly  h y p o th e ­
sis falls below  5% (95% C .L .). T h is  tr a n s la te s  in to  a 
cross-section  lim it for <r(pp ^  Z H ) x B ( H  ^  bb) of
3.2 p b  an d  for a (p p  ^  W H ) x B ( H  ^  bb) of 7.5 pb, as­
sum ing  m H =  115 G eV. T h e  lim its  for four H iggs m ass 
p o in ts  (105, 115, 125, an d  135 G eV ) an d  for ST, D T , 
an d  th e  com bined  S T + D T  resu lts  are sum m arized  in  T a­
bles II an d  I I I . W e se t 95% C.L. u p p e r lim its  from  3.4 to  
2.5 p b  on  <r(pp ^  Z H ) x B ( H  ^  bb) for m H =  105-135 
G eV  (Fig. 4 ) . T h e  C D F  co llab o ra tio n  h as  pub lished  com ­
b ined  lim its  (S T + D T ) w ith  T eva tron  R u n  I d a ta , i.e. a t 
a /s =  1.8 TeV, of 7 .8 -7 .4  p b  for m u  =  110-130 G eV  [15].
In  conclusion, we have perfo rm ed  a search  for Z H  an d  
W H  asso c ia ted  p ro d u c tio n  in  th e  E t  +  b je ts  channel us­
ing  260 p b -1  of d a ta . W e have s tu d ied  th e  d ije t m ass 
sp e c tru m  of th e  tw o lead ing  je ts  w ith  doub le  an d  exclu­
sive single b-tagged je ts  for H iggs boson  m asses betw een  
105 an d  135 G eV. In  th e  absence of signal, we have set 
u p p e r lim its  on  d ifferent H iggs p ro d u c tio n  ch a n n e ls /fin a l 
s ta te s , an d  have com bined  th em . T h e  com bined  lim its 
a re  betw een  3.4 to  2.5 p b  (8.3 to  6.3 pb) on  th e  cross sec­
tio n  for Z H  ( W H ) p ro d u c tio n  m u ltip lied  by  th e  b ran c h ­
ing frac tion  for H  ^  bb. T hese a re  th e  first lim its  in  th e  
Z H  channel based  on T eva tron  R u n  II d a ta .
7TABLE II: Expected/observed 95% C.L. limits on a(pp ^  
Z H ) x B (H  ^  bb) in pb, as a function of m H .
Higgs mass (GeV) 105 115 125 135
ST
DT
S T + D T
7.7/8.2 
3.3/4.2 
3.1/3.4
6.8/6.8 
2.8/3.6 
2.7/3.2
6.0/7.3 
2.5/2.8 
2.4/2.9
5.4/7.5 
2.2/2.2 
2.1/2.5
TABLE III: Expected/observed 95% C.L. lim its on a(pp ^  
W H ) x B (H  ^  bb) in pb, as a function of m H.
Higgs mass (GeV) 105 115 125 135
ST
DT
S T + D T
18.5/17.6 15.9/16.9 14.9/18.9 12.4/18.5 
8.0/9.6 6.6/8.1 6.3/7.1 5.3/5.3 
7.6/8.3 6.3/7.5 6.0/7.4 5.0/6.3
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FIG. 4: 95% C.L. upper limit on a(pp  ^  Z H ) x B (H  ^  bb) 
(and corresponding expected limit) for Z H  production vs. 
Higgs mass, as derived from the S T + D T  combination.
